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Available online 24 November 2018Pure copper and Cu-Znplateswere friction stirwelded under the same condition to evaluate the effect of stacking
fault energy on themicrostructural evolution andmechanical properties of the joints. For this aim,microstructure
and texture of the joints were systematically characterized by electron backscattered diffraction and transmis-
sion electron microscopy. Moreover, to study the mechanical properties of the different microstructural zones
of the joints, nanoindentation tests were employed. The results showed that in pure copper, continuous dynamic
recrystallizationwas the only restorationmechanism for the formation of newgrains. By adding zinc into copper,
namely decreasing stacking fault energy, both continuous and discontinuous dynamic recrystallization mecha-
nisms occurred. To this end, the effect of stacking fault energy on the restoration mechanisms has been summa-
rized by schematic models. Moreover, the effect of the restoration mechanisms on the yield strength and strain
hardening behavior of the joints has been scrutinized.





Electron backscattered diffraction (EBSD)
Transmission electron microscopy (TEM)1. Introduction
Friction stir welding (FSW), a solid state welding technology, is cur-
rently used as an alternative method to fusion welding technologies fordarzadeh).
. This is an open access article underjoining a wide range of metals and alloys. From a practical standpoint,
FSW has a great industrial potential. In addition, from an academic
viewpoint, it has attracted great interest from researchers working on
this issue. Moreover, the material behavior during FSW has not been
well explored. Thus, studying the microstructural aspects during FSW
of metals and alloys can help to understand the basics of material be-
havior [1,2].the CC BY license (http://creativecommons.org/licenses/by/4.0/).
186 A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–197Up to now, some researchers have investigated the mechanisms of
grain structure formation during FSW of various metals including Al
[3–14], Fe [15–19], Mg [20,21], Ti [22], and Cu based alloys [23–25].
The results of these investigations are summarized in Table 1. According
to the Table 1, the restoration mechanisms of dynamic recovery (DRV),
discontinuous dynamic recrystallization (DDRX), continuous dynamic
recrystallization (CDRX), particle stimulated nucleation (PSN), geomet-
ric dynamic recrystallization (GDRX) and static recrystallization (SRX)
can occur during FSW. The main conclusion of these investigations is
that the restoration mechanisms change according to the base metal
(BM) properties such as the initial microstructure (for example cold
rolled or annealed) and physical properties (mainly the stacking fault
energy (SFE)). In addition, FSW parameters (rotational speed, traverse
speed, axial force, tool design, etc.) result in different heat input condi-
tions, and hence various restoration mechanisms [1,2]. Therefore, to
have a meaningful judgment about the effect of one parameter on the
microstructural evolution during FSW, it is very necessary to keep the
other parameters constant including all BM properties and process
parameters.
Sakai et al. [26] have summarized the effect of SFE and processing
temperature on the types of restoration mechanisms during conven-
tional deformation processes. Accordingly, in the case of materials
with low tomedium SFEs (Au, Cu, Ni, Pb, austenitic Fe, and their alloys),
during hot deformation (T N 0.5Tm), the DDRX is the dominant mecha-
nism. However, during warm/cold deformation (T b 0.5Tm), the domi-
nant mechanism is CDRX. In the case of materials with high SFEs (Al,
Mg, ferritic iron, and their alloys), the dominant mechanism is CDRX
during both the hot and warm/cold deformations. However, due to
the complex material ﬂow and the existence of a sharp gradient of
strain, strain rate and temperature proﬁle in FSW, the microstructural
mechanisms during FSW can be much more complex in comparison
with that of conventional deformation processes. To understand the
material behavior during FSW, separate examination of the friction
stir welded materials is necessary.
Although the above-mentioned research efforts [3–25] have
disclosed the microstructural evolution during FSW of different al-
loys, they could hardly reveal the effect of SFE due to various used
FSW parameters and different initial BM microstructures. The objec-
tive of this study was therefore to investigate the effect of SFE on the
restoration mechanisms governing the microstructural evolution
during FSW. For this purpose, pure copper (as a material with me-
dium SFE among the face centered cubic (FCC) metals) and Cu-Zn
alloy (as a material with low SFE among the FCC metals), which
had different SFEs were friction stir welded under exactly the sameTable 1
Summary of different microstructural mechanisms during FSW of metals and alloys.




Al-Li (AA2195) DRV [6]
5251-H14 CDRX [7]
5251-O GDRX [7]
AA2099 GDRX and DRV [8]
AA5083 Particle stimulated nucleation (PSN) [8]
AA6016 DDRX and SRX [9]
Duplex steel In ferrite: CDRX
In austenite: CDRX and SRX
[17]
Pure iron Grain subdivision [18]
Stainless steel (single crystal) CDRX and DDRX [19]
AZ31 CDRX and DDRX [20]
Ti DDRX [22]
Cu Low heat inputs: CDRX
High heat inputs: DDRX
[23]
Single phase brass CDRX and DDRX [24]
Cu-30Zn DDRX [25]condition. Orientation imaging microscopy (OIM) and transmission
electron microscopy (TEM) were employed to analyze the micro-
structure and texture of the joints.2. Materials and experimental procedures
The BMs were two types of materials, including pure copper
(99.99 wt% Cu with SFE of ~80 mJ m−2 [27]) and single phase
brass with 37 wt% Zn (hereafter referred as 63B with SFE of
~12 mJ m−2 [27]). The plates with the same dimensions of
150 mm × 100 mm × 2 mmwere friction stir welded under the equal
process parameters. The rotational speed, traverse speed, and plunge
depthwas set constant at 400 rpm, 100mmmin−1, and 0.2mm, respec-
tively. The FSW tool was made of H13 hot work tool steel, which was
composed of a cylindrical shoulderwith a diameter of 12mmand a sim-
ple cylindrical pin with a diameter of 3 mm and a length of 1.7 mm.
The microstructure of the joints was ﬁrst examined by using an
optical microscopy (OM). The OM specimens were cross sectioned
from the joints perpendicular to the FSW direction, and they were
then prepared by mechanical polishing and etching with a solution
of 50 mL HCl, 10 mL H2O and 5 g FeCl3. A Philips XL30 E-SEM ﬁeld
emission gun scanning electron microscope equipped with electron
backscattered diffraction (EBSD) system was employed for OIM.
The specimens for OIM were ﬁnalized after mechanical polishing
by electropolishing for 30 s in a solution containing 250 mL H3PO4,
250 mL ethanol, 50 mL propanol, 500 mL distilled water, and 3 g
urea at 10 V and 25 °C. TEM (JEOL JEM 2010), scanning transmission
electron microscopy (STEM, Hitachi S-4800), and high-resolution
transmission electron microscopy (HR-TEM, FEI Titan 300–800)
were used for more clariﬁcation of the microstructural details. For
TEM sample preparation of the BM and stir zone (SZ), the electrojet
thinning was used with a solution of 30% H3PO4 and 70% distilled
water at the applied potential of 80 V. For TEM characterization of
the thermomechanically-affected zone (TMAZ), focused ion beam
(FIB) slicing was employed to prepare TEM lamellas in a dual beam
FIB/SEM microscope (Lyra, Tescan). Moreover, for investigating the
mechanical properties of the different microstructural zones,
nanoindentation tests were performed using MTS XP Nano-
indenter equipped with a Berkovich diamond indenter. Minimum
20 indentations were conducted for each weld zones at the maxi-
mum load of 40 mN. The reverse algorithm developed by Dao et al.
[28] was used to extract the local mechanical properties (yielding
strength σy and strain hardening exponent n) from the nanoindenta-
tion data.3. Results
The FSW joints of pure copper and 63B exhibited the same macro-
structure consisting of BM, TMAZ, and SZ, as shown in Fig. 1a and b. In
addition, the microstructures of the different areas from BM to SZ of
the joints are illustrated in Fig. 1c–f. According to Fig. 1, BMs contained
large equiaxed grains. The TMAZs in both the retreating and advancing
sides of the joints were composed of elongated grains, which means
that the temperature and deformation were not high enough for dy-
namic recrystallization (DRX). In addition, the SZs contained ﬁne and
equiaxed grains due to occurrence of DRX. Moreover, no heat-affected
zone (HAZ) was observed, which is likely attributed to the low heat
input condition of FSW and the high thermal conductivity of the Cu-
Zn alloys [29]. In order to investigate the microstructural evolution
and the restorationmechanisms during FSW, characterization of themi-
crostructure and texture from BM to TMAZ and TMAZ to SZ is the key
issue [30]. Therefore, in this study the microstructures of the BM,
TMAZ, and SZ were studied in detail using EBSD and TEM that will be
further discussed in the next section.
Fig. 1. The cross sectionmacrostructure of the joints: (a) copper, and (b) 63B. The highermagniﬁedmicrographs of different regions are shown in: (c) retreating side of (a), (d) advancing
side of (a), (e) retreating side of (b), and (f) advancing side of the (b).
187A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–1973.1. Microstructure of different zones
3.1.1. Base metal (BM)
The inverse pole ﬁgure (IPF) map and grain boundary characteriza-
tion distribution (GBCD) plot of the BMs are illustrated in Fig. 2. The
BMs had an average grain size of 33 μmand 49.5 μm for the pure copper
and 63B, respectively. The GBCD (Fig. 2c) shows a similar trend for the
BMs. The amount of high-angle grain boundaries (HAGBs), low-angle
grain boundaries (LAGBs), and twin boundaries (TBs) were 47-27-26%and 44-29-27% correspondingly for copper and 63B. This similar trend
for BMs is due to their initial annealed state microstructures. The grain
size of the 63B BM is larger than that of the copper BM, which may be
due to higher annealing temperature for the 63B BM. Moreover, the
amount of HAGBs in copper and 63B BMs is 73% and 71%, respectively,
which shows that the annealing have been approximately completed.
Besides, the fraction of TBs in the BMs is 23% for copper and 27% for
63B, which reveals that the grain growth has been occurred subsequent
to the recovery and recrystallization during annealing.
Fig. 2. (a) IPF map of pure copper BM, (b) IPF map of 63B BM, and (c) GBCD of the BMs.
188 A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–1973.1.2. Thermomechanically affected zone (TMAZ)
Figs. 3 and 4 illustrate the OIM analysis of the TMAZs of copper and
63B joints, respectively. In Figs. 3 and 4, the TMAZs have been divided
into ﬁve regions from the point near the BM (Region 1) to the point
near the SZ (Region 5) in order to elucidate the gradual transition of
the microstructure from BM to SZ. From Fig. 3, the amount of LAGBs in-
creases fromBM to TMAZ Region 1, and then decreases fromRegion 1 to
Region 5. From Fig. 4, the LAGBs in the TMAZ of 63B joint increases from
R1 to R4 and then decreases to R5. By comparison between the BMs
(Fig. 2) and the TMAZs (Figs. 3 and 4), the amount of TBs decreases dra-
matically from the BMs to the TMAZ-R1, and then increases towards the
Region 5 or SZ. In this case, the lowest TB value of 2.6%belongs to the Re-
gion 2 of the copper joint. Someworkers have also reported this behav-
ior in FSW of austenitic steels [31]. In fact, TBs are Σ3 coincidence site
lattice (CSL) boundaries in face centered cubic (FCC) materials which
are rotated 60° about 〈111〉 axis. The strain applied by stirring tool
leads to crystallographic rotations of these TBs from their unique orien-
tations, and hence cause reduction of TBs fromBM toRegion 2 of copper,
and to Region 3 of 63B. Although the initial annealing TBs have been
disintegrated in TMAZs, some new Σ3 TBs have been developed in the
next regions up to Region 5. Furthermore, the old GBs have been ser-
rated in TMAZs of the joints. The other important observation is the re-
duction of texture intensity from Region 1 to Region 5 for 63B joint
(Fig. 4) whereas in the case of copper joint there is no considerable
change (Fig. 3).3.1.3. Stir zone (SZ)
From the EBSD data of the SZs in Fig. 5, the SZ of copper joint and 63B
joint possessed 50.9% and 54.7% HAGBs, 28.2% and 21.4% LAGBs, and
20.9% and 23.9% TBs, respectively. A comparison between the TMAZs
and SZs reveals some important results. First, the amounts of LAGBs
from the TMAZs to the SZs have decreased, whereas the values of
HAGBs have increased. Second, from the TMAZs to SZs, the amounts of
TBs have increased in both of the joints. In addition, there is a similarity
between the GBCD of the copper and 63B SZs, however, the grain sizes
of them are different. Besides the grain size, other differences, including
texture, dislocation density, and dislocation structure were observed in
the SZs of copper and 63B, as discussed later in the manuscript.In order to analyze the texture components, large OIM scans were
done inside the SZs of the two joints. The orientation data of (111)
and (110) pole ﬁgures were extracted from the large EBSD maps. Ac-
cording to the method explained by Fonda [32], the as-acquired PFs
were properly rotated. In this method, the texture components devel-
oped in the SZs of the joints are usually recognized by comparing
them with ideal shear texture components. The ideal shear texture
components are in a standard frame of reference with the shear direc-
tion (SD) pointing right and the shear plane normal (SPN) pointing
up. The ﬁnal rotated PFs of the SZs are illustrated in Fig. 6. From Fig. 6,
for copper and 63B joints, the texture components were clear to beA=A
f111gh110i simple shear texture component. In addition, the texture
strength for copper and 63B joints were 5.35 and 2.97, respectively.
The main outcome of the texture results is the fact that adding Zn
weakens the texture in the SZ.Moreover, in the case of 63B, fromRegion
5 to SZ, the texture intensity was reduced, but in the case of copper it
was approximately constant (Figs. 3–4 and 6). It should be noted that
the microstructures of the SZs were homogeneous, and the banded
structure, which makes the texture and recrystallization process more
complex, was not observed [33,34].3.2. TEM results
The dislocation structures in BMs and SZs, and TBs in SZs are illus-
trated in Fig. 7. From Fig. 7a–b, the grains of BMs had a low density of
dislocations, which was due to initial annealing process on the BMs.
Fig. 7c–d disclose that FSW process has a signiﬁcant inﬂuence on the
density and structure of the dislocations, which caused the formation
of high dislocation densities in the SZs. However, the dislocation struc-
tures have changedwith adding Zn into copper. The SZ of copper reveals
a cell dislocation structure (Fig. 7c)whereas the 63B shows tangle dislo-
cation structures (Fig. 7d). The heat generated during FSWcan cause the
growth of the dynamically recrystallized grains in the welds. This can
also happen after tool pass from thewelding zone, statically. In addition,
it is well known that the growth of SZ grains is accompanied with the
formation of TBs [35]. These TBs can be produced in the forms of twin
lamella and corner twin [36]. According to Fig. 7e–f, TBs were observed
inside the grains of the SZs.
Fig. 3. (a) IPF map of the TMAZ of pure copper weld in conjunction with GBCD data for different regions, (b) as received (111) pole ﬁgures with texture strength of the different regions,
(c) GBmaps of the different regions. The black, red, and green lines in GBmaps (c) correspond to the HAGBs (θ ≥ 15°), LAGBs (2° b θ b 15°), and TBs boundaries, respectively. These colors
are used for all the GBmaps in this paper. The black arrows show the LAGBs that are partly transformed to HAGBs. The dashed circles in Region 1 (c1) refer to the initial TB, which is losing
its unique orientation and is transforming to a random HAGB. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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The nanoindentation load-displacement curves for the copper
and 63B joints are illustrated in Fig. 8. In addition, the calculated n
and σy are summarized in Table 2. The n and σy were equal to 0.38/
55.5 MPa, 0.36/73.2 MPa, and 0.37/68.1 MPa, respectively for the
BM, TMAZ and SZ of the copper joint. In the case of 63B joint, n and
σy were measured at 0.31/111.9 MPa for BM, 0.25/217.5 MPa forTMAZ, and 0.28/166.5 MPa for SZ, respectively. The TMAZs and SZs
are much stronger than the BMs, in particular that of the 63B joint.
To verify the accuracy of the nanoindentation technique, the ob-
tained results for BMs of copper and 63B brass were compared
with the yield strength values using the standard tensile test. Yield
strength of copper and 63B brass was measured as 58 MPa and
121 MPa, respectively, which are in good agreement with the data
obtained from nanoindentation.
Fig. 4. (a) IPF map of the TMAZ of 63B weld in conjunction with GBCD data for different regions, (b) as received (111) pole ﬁgures with texture strength of the different regions, (c) GB
maps of the different regions. The black arrows show the LAGBs transforming toHAGBs. The dashed circle in Region 1 and 2 (c1 and c2) refer to the initial TB,which are losing their unique
orientation and are transforming to randomHAGBs. The green arrows indicate the TBs, which are formed behind the bulged boundaries duringDDRX. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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In this section, possible restoration mechanisms during FSW are
discussed. Finally, the effect of SFE on the grain structure formation dur-
ing FSW is summarized by schematic models. In addition, the relation-
ships between the restoration mechanisms and the mechanical
properties of the joints are discussed.4.1. Dynamic recovery (DRV) and continuous dynamic recrystallization
(CDRX)
The formation of LAGBs and serrations in the primary HAGBs are the
mainmicrostructural changes duringDRV [26,36]. According to theOIM
analyses summarized in Figs. 3–4, the TMAZs contain a considerable
fraction of LAGBs, which reveals the DRV nature of these zones. In
Fig. 5. IPF map of the SZ of: (a) pure copper weld and (b) 63B weld; (c) GBCD of the two
SZs.
Fig. 6. The ﬁnal rotated PFs of the SZs: (a) pure copper, and (b) 63B. The PFs are calculated
for (111) and (110) crystallographic planes.
191A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–197addition, the serratedGBs in the TMAZs of the joints are the other sign of
the DRV. DRV can be assumed as the initial stage of the CDRX. Some re-
searchers have reported the occurrence of CDRX during FSWof Al alloys
[3,4] and steels [20]. From Fig. 3, in the TMAZ of copper joint, the
amount of LAGBs increases to a maximum value of 61% in Region 1,
and then from Region 2 to Region 5 it gradually decreases to 32.1%. Fi-
nally, it gets a value of 28.2% in the SZ (Fig. 5c). On the other hand,from Figs. 3 and 6, the HAGBs have a contrary manner, and their value
increases from 32.9% in Region 1 to 48.3% in Region 5 and 50.9% in the
SZ. In addition, in the different Regions of the copper TMAZ, there are
some evidence of partly transformed LAGBs to HAGBs that are indicated
by black arrows in Fig. 3. It is worthy to note that the conversion possi-
bility of LAGBs to HAGBs is higher in the zones near the old GBs than in-
side the grains due to larger misorientation near the GBs [26]. An
example of this behavior is shown in Fig. 9. Thus, CDRX is one of the
governing mechanisms during grain structure formation. The approxi-
mately constant texture intensity from Region 1 to SZ of the copper
(Figs. 3 and 7) conﬁrms this claim, because CDRX typically does not
change the deformation textures [29,36].
In the case of 63B joint, according to Figs. 4–5, the LAGBs to HAGBs
transformations were detected similar to copper joint (black arrows in
Fig. 4). However, the texture strength reduces from Region 1 to SZ of
the 63B (Figs. 4 and 6). The maximum texture intensity of 18.72 in Re-
gion 1 decreases to 4.49 in region 5, and then gets a minimum value
of 2.97 in SZ. The change of texture intensity means that in addition to
CDRX, other mechanisms happen during FSW of 63B, which weaken
the texture strength. Thus, CDRX occurs during FSWof the Cu-Zn alloys,
and its amount decreases with adding Zn into copper or decreasing the
SFE of the alloys.
According to the GDRX deﬁnition [36,37], the recrystallized grains
along the deformation direction would have a small misorientation
change in TMAZs. As shown in Fig. 10, in both cases, grains formed
along the shear deformation direction in the TMAZs had largemisorien-
tation relative to each other. Therefore, GDRX unlikely operates during
FSW of Cu-Zn alloys.
4.2. Discontinuous dynamic recrystallization (DDRX)
DDRX includes the nucleation and growth stages, in which the nu-
cleation occurs by bulging of the GBs along with formation of sub-
boundaries or TBs [26,36]. It is considered that the formation of sub-
boundaries or TBs is dependent on the Zener-Hollomon parameter
(Z). At higher and lower Z values, the formation probability of the
sub-boundaries and TBs behind the bulged GBs is higher, respectively
[38]. Thus, the TBs inside the grains of hot deformed metals can form
during both growth stage of the recrystallized grains [35,36] and
DDRX [26]. The nucleation and growth stages of the DDRX lead to neck-
lace structures inmetals with large grain sizes. Thus, the necklace struc-
tures can be a sign of DDRX, but not sufﬁcient for judging the occurrence
Fig. 7. STEMand TEM images of: (a) pure copper BMshowing separated dislocationswith lowdensity, (b) 63BBMshowing lowdislocation density, (c) pure copper SZ showingdislocation
cell structure, (d) 63B SZ showing dislocation tangle structure with high density, (e) copper SZ showing formation of TB, and (f) 63B SZ showing formation of TB.
192 A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–197of it. As alreadymentioned, this is because CDRX can also cause necklace
structures due to the higher probability of LAGBs to HAGBs transforma-
tion near the GBs (Fig. 9). This similaritymakes the texture analysis nec-
essary in order to determine the restoration mechanisms. Unlike the
CDRX, due to nucleation and growth of newgrainswith orientations dif-
ferent from those of the matrix, DDRX destroys the initial deformation
texture of the matrix.
In the case of copper joint, from Figs. 2 and 3, the amount of TBs de-
creases from BM to 2.6% in Region 2. Due to the deformation induced by
the FSW process, the unique orientation of the initial TBs of the BM
changes, and hence they transform to random HAGBs. Some evidencesfor this TBs transformation in Region 1 are marked by dashed circles
in Fig. 3. The TBs of the Region 2 are the non-transformed parts of the
BM TBs. In addition, no new TBs are formed in Regions 1 and 2. How-
ever, in Regions 3–5, the amounts of TBs increase to 19.6%, and then
up to 20.9% in SZ. The formation of the new TBs in Regions 3–5 is due
to the growth of the CDRX grains, whereas no evidence for the forma-
tion of the DDRX TBs can be detected. This is in good agreement with
constant texture intensity from Region 1 to SZ. Thus, DDRX is not
taken apart in grain structure formation during FSW of pure copper.
In the case of 63B joint, the minimum amount of TBs is 7.6% in Re-
gion 3 (Fig. 4). In Regions 1–3, the initial TBs of the BM are being
Fig. 8. The nano-indentation load-displacement curves for different zones of BM, TMAZ,
and SZ of: (a) copper joint, and (b) 63B joint.
Fig. 9. (a) The IPF map of the TMAZ in pure copper joint, and (b) the accumulative
misorientations along the line from point A (inside the grain) to point B (GB) indicated
in (a).
193A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–197destroyed (the areas indicated by dashed black circles), but simulta-
neously new TBs are formed shown by green arrows. This type of TBs
forms behind the bulged GBs during DDRX mechanism. In Regions 4
and 5, the growth of the CDRX and DDRX grains causes formation of
the new TBs. Thus, the TBs of the SZ (Figs. 5 and 7) are formed during
both DDRX and growth stages.
The occurrence of DDRX in the TMAZ of 63B joint was proved using
STEM, whereas no evidence was found in the case of copper. The STEM
images of the 63B TMAZ with their GB schematic are illustrated in
Fig. 11, which conﬁrms the existence of DDRX by bulging and twining.
From Fig. 11a and b, the GB between Grain 1 and Grain 3 has bulged to-
wards Grain 3 (shown by blue arrows), and a TB has formed behind it,
where a DDRX nuclei is also observed. The other important observation
from Fig. 11a and b is GB bulging at triple points, which reveals that
these sites are more suitable for nucleation compared to GBs. The triple
points can be seen between Grain 1, Grain 3, and Grain 5, and betweenTable 2
Summary of the microstructural and mechanical properties of the different joints. The upward
Alloy Zone Strain hardening exponent (n) Yield strength (σy), MPa M
Copper BM 0.38 ± 0.01 55.5 ± 6.2
TMAZ 0.36 ± 0.01 73.2 ± 12.9
SZ 0.37 ± 0.02 68.1 ± 20.1
63B BM 0.31 ± 0.01 111.9 ± 11.5
dTMAZ 0.25 ± 0.01 217.5 ± 18.9
SZ 0.28 ± 0.02 166.5 ± 35.7Grain 1, Grain 2, and Grain 3. The condition for GB bulging can be
expressed as follows [39]:
ΔEN4k1γB=L ð1Þ
where ΔE stands for the strain energy difference per unit volume across
the GB, γB is the GB energy per unit surface area, L represents the GB
length before bulging, and K1 is the proportionality factor, which is nor-
mally less than one under DDRX conditions. In fact, when grain bound-
ary sliding (GBS) occurs, it is impeded by triple points, which cause
larger strain gradients and more plastic accommodation, and hence
larger ΔE [40].
In Fig. 11c and d, the bulgingmechanism can be seen in two areas. In
theﬁrst case, the GB betweenGrain 1 andGrain 2 has bulged fromGrain
2 towards the Grain 1. This bulging mechanism has taken place alongarrows show the intensity of the mechanisms.
icrostructural mechanism Final grain size, μm Final texture intensity
CDRX ↑↑, SRV ↑,
dislocation cells (low density)
6.12 5.35
CDRX↑, DDRX (bulging)↑,
islocation tangles (high density)
4.78 2.97
Fig. 10. EBSD IPF and phase maps of different TMAZs: (a) pure copper, and (c) 63B. Misorientation variance along the AB line shown in: b) (a), and d) (c).
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ation has not been completed. In the second case, bulging has occurred
between Grain 2 and Grain 3, and the formation of TB behind it has
formed the new DDRX nuclei. Indeed, the existence of two triple points
on both sides of the formed DDRX nuclei hasmet the requiredΔE. These
ﬁndings are in good agreementwith textureweakening fromR1 to SZ of
63B (Figs. 4 and 6) that is due to occurrence of DDRX. In addition, from
Fig. 6, the intensity of shear texture components decreases with adding
Zn into copper (or decreasing the SFE). These results show that the
DDRX is an active restoration mechanism during FSW of 63B.
4.3. Static recovery and recrystallization (SRV and SRX)
After tool passage fromwelding zone, static restorationmechanisms
may also take place. SRV inﬂuences the substructures, for example, the
dislocation structures. According to Fig. 7, the SZ of pure copper joint
contains lower dislocation densities with cell structures compared to
those of 63B joints with higher densities and tangle structures. There-
fore, the SRV occurs during FSW of copper, but does not happen in the
case of brass joint. In the case of SRX, texture analysis is the best way
to determinewhether SRX has occurred or not. In this regard, Cube tex-
ture component is the most common SRX texture component in FCC
metals, and its existence in the SZ is the best sign of SRX [36]. According
to Fig. 6, Cube texture component has not been formed during FSW, and
therefore, SRX does not occur in both the cases.
4.4. Schematic models
The effect of SFE on themicrostructural evolution during FSWcan be
summarized using the achieved results as follows. In the case of pure
copper with the higher SFE, CDRX is the only mechanism governing
the grain structure formation. As schematically illustrated in Fig. 12,the shear stresses caused by the rotating tool deform and elongate the
grains of BM (Fig. 12b). Simultaneously, the deformed grains subdivide
by DRV into new subgrains, which transform to new DRX grains by
CDRX (Fig. 12c). The ﬁnal CDRX grains contain dislocation cells, which
is a sign of SRV. As can be seen, the schematic color of the grains from
deformation step to DRX step has not been changed, which is used to
show that the governing mechanisms inherit the deformation textures.
By adding zinc into copper (63B brass) or decreasing the SFE, the DRX
mechanism changes as schematically shown in Fig. 13. In the case of
63B, in addition to the CDRX, the DDRX takes place to form new grains
by bulging mechanism at grain boundaries and triple points, which are
shown by blue color areas. This mechanism does not inherit the defor-
mation texture and leads to weaken it. In addition, the dislocations in-
side the DRX grains have tangle structure, which means that SRV does
not occur. It can be concluded that CDRX and DDRX are competing dur-
ing FSW of Cu-Zn alloys with different SFEs. At higher SFEs, the CDRX is
more dominant, whereas at lower SFEs the DDRX comes to rule the
grain structure formation.
To distinguish the present ﬁndings from the literature review, the
following conclusions can be summarized. (1) The restoration mecha-
nisms during FSW of copper and its alloys are not the same as the con-
ventional deformation processes. From Ref. [26], the restoration
mechanism for copper and its alloys during hot deformation processes
is DDRX. However, in the present study, it is shown that both the
CDRX andDDRX occur during FSWof copper and its alloys. (2) In the lit-
erature review, awide range of FSWparameters and chemical composi-
tions were used, and hence different mechanisms were observed. For
example, in the case of aluminum alloys [3–9], several mechanisms
such as DRV, CDRX, GDRX, DDRX, SPN and SRX were detected during
FSW, which is due to different processing parameters and different
chemical compositions. In such a combined condition, the results can-
not be compared to judge about the effect of SFE. However, in the
Fig. 11. STEM image of the TMAZ in 63B joint illustrating the bulging and twining during DDRX nucleation stage (a, c) and corresponding schematic illustration of GBs of (a) and (c) in
(b) and (d), respectively. The HAGBs and TBs have been drawn in black and green colors. The blue arrows indicate the bulging direction of the migrating GB. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 12. Schematic illustration of microstructural evolution during FSW of pure copper.
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Fig. 13. Schematic illustration of microstructural evolution during FSW of 63B brass alloys.
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condition, and hence the effect of chemical composition or SFE can be
meaningfully identiﬁed. (3) From the literature review [23–25], the
CDRX and DDRX occur during FSW of copper and its alloy. On the
other hand, the FSW conditions used in Refs [23–25] are different,
which causes incomparable results to verify the different mechanisms
at different SFEs. In the present study, it has been shown that increasing
the SFE of copper alloys leads to a change of the restorationmechanisms
from CDRX to DDRX during FSW.
4.5. Relation betweenmicrostructural evolution and mechanical properties
Touncover the relation between themicrostructural andmechanical
properties of the joints, the value of n and σy, grain structure formation
mechanisms, ﬁnal grain size and texture intensity of the joints are sum-
marized in Table 2. Three important points can be driven from Table 2.
First, the n and σy of the 63B BM are lower and higher respectively
than those of the pure copper. This is attributed to the solution strength-
ening and lower SFE of the brasses. Second, in both of the joints, the
lowest n and the highest σy are belonged to the TMAZs. As shown in
the previous sections, the TMAZs had deformed structures that contain
more dislocations compared to the BMs with annealed structures and
the SZs with recrystallized grains. Third, comparing the SZs of the joints
reveals that by decreasing the SFE, theσy of the ﬁnal structure increases,
whereas their n values decrease. For this case, the following strengthen-
ing mechanisms are suggested. (1) By adding Zn to copper, the SFE de-
creases causing wider stacking faults. Consequently, the wider stacking
faults reduce the mobility of the dislocations, and hence lead to higher
σy or lower n values. (2) The solid solution strengthening causes higher
σy and lower n of the brasses compared to the copper. (3) The SZ of 63B
joint contains higher dislocation densities with tangle structures,
whereas the SZ of copper joint had low dislocation density with cell
structures. The higher dislocation densities and tangle structures make
more obstacles against the dislocation movement, and hence the σy in-
creases and n decreases. (4) The order of the joints according to their
ﬁnal average grain size is: copper N 63B. Therefore, the effect of grain
boundary strengthening is more effective in the case of 63B.The restoration mechanisms during FSW have a direct effect on the
strengthening mechanisms of numbers 3–4. In summary, by adding
Zn or lowering the SFE, the amount of DDRX increases compared to
CDRX.More DDRX causes formation of dislocation tangles, higher dislo-
cation densities, lower texture intensities, and ﬁner grain sizes. The for-
mation of the ﬁner grains is attributed to the fact that DDRX produces
new grains with new textures, and hence the misorientation angle be-
tween adjacent grains will be large enough to form new grains
surrounded by HAGBs. On the other hand, CDRX does not produce a
new texture as DDRX, and hence thematerial tends to form LAGBs com-
pared to HAGBs, which produces larger grains. Thus, DDRX causes
higher strength in the joints compared to the CDRX. It is worthy to
note that the Zn addition in pure copper changes some other important
physical properties such as melting temperature, thermal conductivity,
thermal capacity, Johnson-Cook equation constants, etc., which could
affect the thermomechanical history of the stirred material during the
process. Elucidating these parameters can be the topic of the future
investigations.
The results can be extended to various FCC materials processed by
FSW at a low heat input condition. For FCC materials with SFEs higher
than SFE of Cu (~80 mJm−2), the only mechanism is the CDRX. For ma-
terials with SFEs lower than that of the Cu, CDRX is replaced by DDRX,
gradually. Even at very low SFEs (~12 mJ m−2), CDRX happens to
some extent in addition to the DDRX. Therefore, to have a completely
reﬁned DDRX structure after FSWwith the best mechanical properties,
another technique should be explored in addition to lowering the SFE,
which is the subject of the next investigation of the authors in the
ﬁeld of FSW.
5. Conclusions
The effect of SFE on the restoration mechanisms during FSW Cu-Zn
alloys has been investigated. At the higher SFE for pure copper, the
CDRX and SRVare activemechanisms. In otherwords, higher SFE results
in lower barrier to dislocationmotion, and thus DRVand SRV can readily
occur. By adding Zn to pure copper or decreasing SFE, in addition to
CDRX, the DDRX happens by bulging mechanism at grain boundaries
197A. Heidarzadeh et al. / Materials and Design 162 (2019) 185–197and triple points. In 63B brass, lower SFEs inhibit DRV and cause higher
dislocation densities, and hence DDRX occurs. In this case, the ﬁnal dis-
location structure is tangle type whereas in the case of pure copper it is
cell type. The tangle structure is because of low SFE, which inhibits dis-
location climb and cross slip. Therefore, in the case of brasses, CDRX and
DDRX are competing during grain structure formation. Moreover, more
DDRX results in higher yield strength of the joints.
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